ABSTRACT
The centromere is a specialized region of eukaryotic chromosomes that is essential for faithful chromosome segregation during mitosis and meiosis. A kinetochore is assembled at the centromere of each chromatid of a replicated chromosome and forms a dynamic interface with microtubules of the mitotic spindle. In recent years, many kinetochore proteins have been identified in vertebrate cells. After identification of kinetochore components, the process of kinetochore assembly has been studied. Herein, recent advances in our understanding of the kinetochore and spindle checkpoint in vertebrate cells are reviewed. I also review our recent contributions to this field and discuss their implications using chicken DT40 system.
INTRODUCTION
Faithful chromosome segregation during mitosis is essential for accurate transmission of genetic material. For accurate chromosome segregation, centromere functions, including sister chromatid adhesion and separation, microtubule attachment, chromosome movement, establishment of heterochromatin, and mitotic checkpoint control are necessary. Because centromere function is important for chromosome segregation, the centromere has been widely studied and reviewed (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . A kinetochore is assembled from multiple protein complexes at the centromere of each chromatid of a replicated chromosome. The kinetochore is the structure responsible for microtubule attachment and chromosome movement. The mechanisms that underlie kinetochore assembly have been studied extensively in budding yeast; more than 60 kinetochore proteins have been identified, and the proteinprotein interactions have been characterized (11) (12) (13) . Although the basic principles of chromosome segregation are thought to be common to all eukaryotes, it has been difficult to identify vertebrate kinetochore proteins by sequence homology with budding yeast kinetochore proteins. To understand the molecular mechanism of kinetochore assembly in vertebrate cells, components of vertebrate kinetochores must be identified. In the past decade, mass spectrometry-based proteomics approaches have been used to identify additional kinetochore proteins in vertebrate cells (14) (15) (16) (17) (18) . After identification of kinetochore components, several strategies, including RNA interference (RNAi) in cultured cells, knockout mice, and immunodepletion have been used to study the process of kinetochore assembly (6, 7) .
We have used a conditional knockout approach in the chicken B lymphocyte cell line DT40 to study the process of kinetochore assembly and functions of spindle checkpoint proteins (6, 7) . The high level of homologous recombination in DT40 cells allows efficient targeted disruption of genes of interest. Several conditional knockout systems with DT40 cells have been established (19) , and structures such as the mitotic spindle, centrosome, and centromere in DT40 cells are much larger and more elaborate than the analogous structures in yeast. In addition, the stages of mitosis (prometaphase chromosome congression, metaphase, and transition to anaphase) in DT40 cells are easily distinguished under a light microscope. Therefore, we believe that the DT40 conditional knockout approach is a powerful and reliable tool for studies of the kinetochore and spindle checkpoint. Here, I review our recent contributions to this field and discuss their implications.
DNA SEQUENCES FOR KINETOCHORE ASSEMBLY IN VERTEBRATE CELLS
The mechanisms involved in the selection of a specific chromosomal site where the kinetochore structure is formed are not fully understood. Studies of centromere DNAs of many species revealed that the primary DNA sequences are not conserved. There are active discussions regarding the possibility that specific DNA sequences are involved in recruitment of centromere proteins to mediate kinetochore assembly (4, 5) . The centromere DNA of the budding yeast Saccharomyces cerevisiae consists of a 125-bp sequence that specifies the site of kinetochore assembly. However, in other organisms, there does not appear to be a specific DNA sequence required for kinetochore assembly. Human centromere DNA consists of highly repetitive tandem sequence repeats of a 171-bp alpha-satellite DNA sequence (5) . The alpha-satellite DNA sequence contains a 17-bp motif called the CENP-B box that binds directly to the centromere protein CENP-B (20) . Human artificial chromosomes (HACs) can be created efficiently by de novo kinetochore assembly with the CENP-B box-containing alpha-satellite tandem repeat DNA (21) (22) (23) . However, CENP-B knockout mice are viable without an adverse effect on chromosome segregation (24) . The available data concerning the role of primary DNA sequences in kinetochore formation in vertebrate cells indicate that satellite DNA sequences are preferred substrates for kinetochore formation; however, kinetochore formation can occur without satellite DNA. In fact, a "neocentromere," which functions as a normal centromere but does not contain alpha-satellite DNA, has been identified in human cells (3) . After first identification of chromosome with a neocentromere, many examples of chromosomes with neocentromere have now been described, several of which have been characterized in detail (3) . Further characterization of neocentromeres and satellite sequences is needed to understand involvements of DNA sequences for kinetochore formation.
CENP-A AS AN EPIGENETIC MARKER FOR KINETOCHORE SPECIFICATION
Despite variations in the primary centromere DNA sequences, all centromere sequences, including neocentromeres incorporate CENP-A, a 17-kDa centromere-specific histone H3 variant, suggesting that incorporation of CENP-A is an evolutionarily conserved process (25) (26) (27) (28) (29) (30) . This process is thought to be essential for specification of the site of kinetochore assembly. Our analysis of DT40 cells with a knockout of CENP-A showed that kinetochore localization of all tested constitutive centromere components is dependent on CENP-A, consistent with the idea that CENP-A is the primary candidate for an epigenetic marker of kinetochore specification (30) . Similar results with RNAi experiments in human cells have been reported (28, 31) . Although Goshima et al. (28) originally reported that hMis12 localizes to kinetochores in a manner partially independent on CENP-A, Liu et al. (31) reported that kinetochore localization of hMis12 is dependent on CENP-A like localization of constitutive centromere components. CENP-A is found only at active centromeres (32) and copurifies with nucleosomes (33) . In fact, regions of canonical histone H3 nucleosomes and CENP-A-containing nucleosomes are interspersed in human centromeric chromatin (34) . Protein structure studies revealed that CENP-A contains a short CENP-A-targeting domain (CATD) within the histone-fold region (35, 36) . Interestingly, ordinary histone H3 with the CATD can target to the centromere and function as a centromere specific histone (35, 36) .
Although CENP-A itself may be able to target to the centromere region, several factors appear to be involved in CENP-A deposition in human cells (29, 37, 38) . Hayashi et al. (29) identified Mis16 and Mis18, which mutated when cause defects in CENP-A deposition in fission yeast. They also identified vertebrate homologues of these proteins. The human homologue of Mis16 is known as RbAP46/48; it is a histone chaperone and is involved in chromatin assembly (39) . RNAi analysis of RbAP46/48 in human cells revealed that CENP-A is not incorporated into centromeres under conditions of knockdown of RbAP46/48 expression. There are two isoforms (Mis18α and Mis18β) of the human homologue of Mis18. Mis18α and Mis18β form a complex with M18BP1 (Mis18-binding protein 1), which contains a Myb/SANT domain (37). Maddox et al. (38) independently found that depletion of KNL2, which is the C. elegans homologue of M18BP1, causes defects in deposition of CENP-A into centromeres in C. elegans. Interestingly, KNL2/M18BP1 localizes transiently to kinetochores during the telophase to early G1 phase period. This period corresponds to the time during which CENP-A deposition occurs (40) .
The molecular mechanism of CENP-A deposition must be complicated. In addition to Mis16, Mis18, and KNL2, other proteins may be involved in CENP-A deposition. To identify additional molecules required for CENP-A deposition, CENP-A nucleosomes have been purified from human cells, and several proteins involved in chromatin remodeling, such as FACT, have been identified (14. 17, 41) . It would be interesting to see if these chromatin-remodeling factors are involved in deposition of CENP-A. The purification also identified many constitutive centromere proteins, including CENP-C, CENP-H, and CENP-I and additional kinetochore components CENP-K, -L, -M, -N, -O, -P, -Q, -R, -S, -T, and -50 (U). At the same time, our group has independently purified a CENP-H/I complex that contains CENP-H, -I, -K, -L, -M, -N, -O, -P, -Q, -R, and -50 (U) (18) . Because the characteristics of the CENP-H/I complex are described in the next section, I will focus here on the relation of this complex to CENP-A. CENP-A localization is not altered in cells with knockouts of several CENP-H/I complex proteins (18) . Because localization of CENP-H and CENP-I is abolished in CENP-A mutant cells (30) , we believe that the CENP-H/I-associated complex functions downstream of CENP-A (Figure 1 ). Nevertheless, we observed that the rate of incorporation of newly synthesized CENP-A is reduced in cells with knockouts of CENP-H, -I, -K, and -M, indicating that some CENP-H/I complex proteins play important roles in the efficient incorporation of newly synthesized CENP-A into centromeres (18) . In our model, members of the CENP-H/I complex act as a marker to direct deposition of newly synthesized CENP-A into centromeric chromatin during interphase or function to stabilize CENP-A (Figure 1 ). Because localization of CENP-H and CENP-I requires CENP-A, this mechanism in effect makes loading of new CENP-A dependent on preexisting CENP-A nucleosomes, with the CENP-H/I complex acting as an intermediate. Whereas it is possible that a CENP-H/I-associated protein itself functions as a CENP-A-loading factor, CENP-H/Iassociated proteins also play a distinct structural role at mitotic kinetochores and lack similarity to known nucleosome assembly factors. Consequently, we favor the idea that this constitutively centromere-localized complex either directly or indirectly recruits factors that load newly synthesized CENP-A into the kinetochores (Figure 1) . A recent study of Chl4, a budding yeast homologue of CENP-N that is a member of the CENP-H/I complex, revealed that Chl4 is essential for de novo formation of centromeres but not for maintenance of established centromeres (42) . In addition, work in fission yeast has suggested that Mis6, a fission yeast homologue of CENP-I, is involved in CENP-A deposition (43).
CENP-H/I COMPLEX IS A MEMBER OF THE CONSTITUTIVE CENTROMERE-ASSOCIATED NETWORK
After CENP-A is deposited into centromere chromatin, many proteins are targeted to the CENP-A chromatin to form a functional kinetochore. In vertebrate cells, constitutive centromere proteins, which were recently termed the constitutive centromere-associated network (CCAN), are associated with the CENP-A chromatin throughout the cell cycle (44) . Additional proteins are recruited to the pre-kinetochore structure during late G2 or specific stages of mitosis. CENP-H and CENP-I are constitutive centromere proteins in vertebrate cells (45-48). As mentioned above, to identify additional kinetochore proteins, we performed co-purification with CENP-H or CENP-I in DT40 and HeLa cells. The purified CENP-H/I complex contains 11 constitutive centromere proteins, including CENP-H and CENP-I (18). We characterized these proteins by knockout analyses in DT40 cells. Nine subunits of the CENP-H/I complex can be currently divided into three classes based on phenotypes of knockout cells. ENP-H-class proteins show severe mitotic defects, and kinetochore localization of all CENP-H/I complex proteins and many outer kinetochore proteins is abolished, suggesting that members of the CENP-H class form the core unit for kinetochore assembly (18).
DT40 CELLS WITH KNOCKOUTS OF CENP-O CLASS PROTEINS ARE VIABLE
Knockout DT40 cells of all of CENP-O-class proteins are viable and do not show mitotic defects as strong as those in cells deficient for CENP-H-class proteins. Depletion of CENP-O-class proteins does not lead to mislocalization of other kinetochore proteins. One clue for the function of the CENP-O-class proteins is that CENP-50 is essential for recovery from spindle damage (49) . We also observed that CENP-50-deficient cells frequently show premature-sister chromatid separation under microtubule depolymerizing conditions. We propose that CENP-50 plays a backup role in sister chromatid adhesion during activation of the mitotic checkpoint pathway. We believe that this CENP-50 function occurs in concert with other CENP-O class proteins, because these proteins form a stable complex throughout the cell cycle (unpublished observation). 
FUNCTION OF CENP-M CLASS PROTEINS

CENP-M is essential for viability in DT40 cells, and CENP-M-deficient cells show mitotic defects (18
OTHER MEMBERS OF THE CCAN
There exist several constitutive centromere proteins including CENP-C, CENP-S, and CENP-T that we did not detect during purification of the CENP-H/I complex. CENP-C, a kinetochore component in higher vertebrate cells, was originally identified as an antigen for anti-centromere antibodies in patients with autoimmune diseases (50, 51) . CENP-C localizes to the inner kinetochore plate adjacent to the centromeric DNA (52) and has DNA-binding activity (53) . A conditional knockout of CENP-C in chicken DT40 cells (54) and disruption of the CENP-C gene in mice (55) revealed that CENP-C is essential for cell proliferation. Analysis of a conditional knockout of CENP-C in DT40 cells revealed that inactivation of CENP-C causes mitotic delay, chromosome missegregation, and apoptosis (54, 56, 57) . CENP-C homologues have been identified from several species, including yeasts, nematode, and fly (27, (58) (59) (60) (61) . The C. elegans homologue of CENP-C, HCP4, is involved in sister kinetochore resolution (62) . Recently, a Drosophila CENP-C homologue was isolated as a genetic interactant with Separase, which is essential for sister chromatid separation (60) . However, the role of CENP-C in sister chromatid separation and resolution in higher vertebrate cells remains unclear. Our recent analysis of CENP-C-deficient DT40 cells showed that CENP-C is essential for localization of Mis12 complex proteins (see below) at centromeres (57) (Figure 2) . Similar results were obtained with RNAi experiments in HeLa cells (31) . We found that CENP-C signals are weak in interphase nuclei but not in mitotic chromosomes of cells with a knockout of CENP-K, a CENP-H-class protein. These results suggest that centromere localization of CENP-C in interphase nuclei occurs upstream of localization of the Mis12 complex and downstream of localization of the CENP-H-class proteins. However, CENP-C localization is not dependent on the presence of the CENP-H-class proteins at mitotic kinetochores ( Figure 2 ). 
CENP-S and CENP-T were identified as constitutive centromere proteins during purification of
Ndc80 complex in KMN network
ENP-A nucleosomes in human cells (14, 17, 41) . Although these proteins were not detected during purification of the CENP-H/I complex from chicken DT40 cells or human HeLa cells, it is possible that these proteins are associated with the CENP-H/I complex. Further studies will clarify the functions of these proteins in kinetochore assembly.
KMN NETWORK PROTEINS ARE REQUIRED FOR THE KINETOCHORE-MICROTUBULE INTERACTION
During late G2 phase, several proteins are targeted to the CCAN. This step is essential for establishment of a functional kinetochore. The first player in this step is the Mis12 complex (15, 16, 28, 63) . Mis12 was originally identified as a fission yeast centromere protein (64) , but ordinary BLAST searches did not identify homologous sequences in the genomes of higher vertebrates. hMis12, a human homologue of Mis12, was identified through a novel bioinformatics approach (28) . Mis12-associated proteins were then identified from human HeLa cells through proteomics approaches (15, 16, 63) . Further biochemical studies showed that hMis12 forms a stable complex (Mis12 complex) with hNnf1, hNsl1, and hDsn1 (Table 1) (63) . The Mis12 complex is recruited to the constitutive centromere structure during late G2 phase, and kinetochore localization is dependent on inner kinetochore protein CENP-C (31, 57). Interestingly, the Mis12 complex co-purifies with outer kinetochore components Ndc80 complex, Zwint1, and KNL-1 (15, 16) , suggesting that the Mis12 complex acts as an important connector between the outer and inner kinetochores.
Many studies of the Ndc80 complex have suggested that the complex, which contains Ndc80, Nuf2, Spc24, and Spc25, is important for the kinetochoremicrotubule interaction (65) (66) (67) (68) (69) . Recent studies indicated that one end of the complex binds directly to microtubules (70) (71) (72) and that the other end of the complex localizes more closely to the inner kinetochore, where the Ndc80 complex associates with the Mis12 complex and KNL-1. This network of KNL-1, the Mis12 complex, and the Ndc80 complex is critical for the kinetochore-microtubule interaction and is called the KMN network (70) . Biochemical analyses revealed that the Ndc80 complex has weak microtubule binding affinity; however, when the Mis12 complex and KNL-1 associate with the Ndc80 complex, the microtubule-binding affinity of the Ndc80 complex increases, indicating that the KMN network is an essential part of the kinetochore for interaction with microtubules (70) . We also made DT40 conditionalknockout cell lines for Mis12, Ndc80, Nuf2, and KNL1 (63, 67, 73) . Phenotype analyses of these mutants indicated that Ndc80 is critical for the kinetochore-microtubule interaction; microtubules did not attach to the kinetochore properly in Ndc80-or Nuf2-knockout cells (67) . Analyses of Mis12-or KNL1-knockout cells indicated that both proteins are linked closely with Ndc80. These findings are consistent with the biochemical data (63, 73) . Taken together, the results of our analyses of DT40 knockouts support the idea that the KMN network is essential for the kinetochore-microtubule interaction (63, 67, 73) . Biochemical analyses also suggested that phosphorylation of Ndc80 by Aurora B kinase is important for regulation of attachment of KMN to microtubules (70, 71) . We can use DT40 cells with various mutations of Ndc80 to clarify the role of phosphorylation of Ndc80 in microtubule attachment. Such genetic experiments will be useful to confirm the biochemical data.
After attachment of kinetochores to microtubules, chromosomes must be moved and segregated to each daughter cell. For this process, several microtubule-binding proteins and motor proteins, including CLIP170, EB1, XMAP215, MCAK, kinesin, and dynein complex, are required. Although there are few reports regarding these proteins in the DT40 system, they have been characterized in human cells (44) .
SPINDLE CHECKPOINT ACTIVATION IN DT40 CELLS WITH KNOCKOUTS OF VARIOUS KINETOCHORE COMPONENTS
In eukaryotic cells, chromosome segregation is regulated by a spindle checkpoint that prevents onset of anaphase until all chromosomes have aligned at the metaphase plate (74). The checkpoint proteins sense defects in kinetochore-microtubule attachment or microtubule tension. When the functions of inner kinetochore proteins are disrupted in DT40 cells, checkpoint proteins still localize to the kinetochores, and progression of the cell cycle is delayed during mitosis. We observed that mitotic checkpoint proteins, including members of the Mad and Bub families, localize to the outer kinetochore. These observations do not make sense, if the inner kinetochore structure is disrupted completely by knockout of inner kinetochore proteins, including CENP-H/I complex proteins, CENP-A, and CENP-C. We actually observed attachment of kinetochores to microtubules in CENP-Ideficient cells (47) . The fact that microtubule binding and mitotic checkpoint signaling proceed even when a number of components of the inner kinetochore plate are absent indicates that kinetochore assembly does not follow a simple linear pathway in vertebrates. In knockouts of inner kinetochore proteins or CCAN components, the checkpoint response is subsequently overcome, and cells proceed to the next cell cycle without normal chromosome segregation. Because checkpoint proteins, which first localized at kinetochores in cells with knockout of several CCAN proteins, finally detach from kinetochores during mitotic delay, we concluded that many CCAN inner kinetochore proteins are involved in maintenance of the mitotic checkpoint. For checkpoint proteins to function, the CCAN must provide signals to them. Transmission of such signals may require phosphorylation of CCAN components, and we have observed such phosphorylation of several CCAN components in response to treatment of cells with nocodazole, a spindle poison in DT40 cells (our unpublished data).
CONCLUSION
We and other groups have identified new centromere proteins in recent years, and studies of the molecular mechanisms of proper kinetochore assembly in vertebrate cells are presently underway. In addition, RNA molecules may be involved in kinetochore assembly and function in vertebrate cells (75, 76) . We must clarify the mechanisms that determine when and how a kinetochore assembly site is chosen and transmitted. It is likely that there are common principles by which centromeres function in all eukaryotes. As mentioned above, the chicken DT40 cell line is a powerful tool for studies of kinetochore assembly. At present, the RNAi knockdown system is being used widely to examine cellular functions in cultured vertebrate cells. However, there are several problems with the RNAi technique, including incomplete knockdown or non-specific knockdown of expression. In contrast, phenotype analyses of DT40 cells are relatively accurate. Because the entire chicken genome has been sequenced, it is easy to generate mutants and to conduct genome-wide studies. We are confident that the common principles by which centromeres function in all eukaryotic cells will be clarified by studies of DT40 cells. We predict that approximately 100 proteins are localized at the kinetochore. After identification and characterization of many kinetochore proteins in DT40 system, it will be necessary to reconstitute the kinetochore structure in vitro to understand kinetochore assembly. It will also be necessary to show kinetochore movement with purified kinetochore proteins and micritubules in vitro. A combination of genetics studies and biochemical reconstitution studies is needed to complete our understanding of kinetochore structure and function.
In addition to understanding the fundamental mechanisms of kinetochore assembly, we must understand the relation of kinetochores to cancer, which may be caused by chromosome instability. A point mutation of BubR1, which is essential for mitotic checkpoint control, was found in patients with colon cancer (77) . CENP-A and CENP-H are expressed at high levels in some types of cancer cells (78, 79) . These reports suggest that chromosome instability due to a defect in centromere function is related directly to cancer. Therefore, further knowledge of the mechanism of kinetochore assembly may increase our understanding of the processes involved in carcinogeneisis.
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